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The plan:

* | ecture I:

Transverse spin structure of the nucleon
Overview of past experiments

History of interpretation

Overview of present understanding

* Lecture Il

Transverse Momentum Dependent distributions (TMDs)
Sivers function
Twist-3

* Lecture I

Transversity
Collins Fragmentation Function
Global analysis

* | ecture IV

Evolution of TMDs
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Exploring the nucleon: a fundamental quest

Know what we

’ are made of !

._ Understand the
h strong force:
MQCD"

Use protons as tool
for discovery
(e.g. LHC)
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Nucleon landscape

10° ———

[ Theoretical coverage

A Nucleon is a many body dynamical
: system of quarks and gluons

EIC

Changing x we probe different aspects

| of nucleon wave function
Vs =70 GeV

\s = 20 GeV

How partons move and how they are
distributed in space is one of the
future directions of development of

jLab 12 GeV |

1 L Ll L a1l L L H
03 e e 1 nuclear physics
.
1 Technically such information is
QD _~ o _ .
caturation || e [ | ferec encoded into Generalised Parton
LN/ = | a Distributions and Transverse
------ ity e Momentum Dependent distributions
These distributions are also referred
onssea T Mueeeaquarks — +o 35 3D (three-dimensional)

distributions
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Nucleon landscape

A . Virtual photon serves
saturation as a microscopic
region probe of the nucleon:

2
Larger Q probe
smaller distances -
DGLAP evolution

A~ 1/Q

In 1/x

Y =

Plot from EIC whitepaper

4effergon Lab



Nucleon landscape

A . Virtual photon serves
saturation Qs(Y) as a microscopic
region probe of the nucleon:

2
Fixing Q and

x changing the energy
= we probe BFKL

m evolution

>

Plot from EIC whitepaper

4effergon Lab



Nucleon landscape

A . Virtual photon serves
saturation Qs(Y) as a microscopic
region probe of the nucleon:

Recombination of

25 gluons leads to non

= linear effects -

m BK/JIMWLK evolution
> and phenomenon of

saturation. Dilute vs
dense regime of
QCD.

Plot from EIC whitepaper
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Spin and QCD

“Experiments with spin have killed more theories than
any other single physical parameter”

Elliot Leader, Spin in Particle Physics, Cambridge U. Press (2001)

“Polarisation data has often been the graveyard of
fashionable theories. If theorists had their way they
might well ban such measurements altogether out of
self-protection.”

J. D. Bjorken, Proc. Adv. Research Workshop on QCD Hadronic Processes,
St. Croix, Virgin Islands (1987).
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History
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Spin and QCD

Consider AN INn hadron hadron collision:

. <
BB

Ay =

4effer§)on Lab



Spin and QCD

QCD had a very simple prediction:

Helicity flip is proportional to the small mass
of the quark, thus

4effergon Lab



Spin and QCD

Experiment proved this prediction wrong

| | ] |
0.4 — {, ‘i‘—
i @ ; _
0.2 3 —
é ] . X
q: O _!.....I ...... @ . _ AN 2 40%
i o T |
| 3 _
I S S Vs =19.1 (GeV)
—0.4 :‘;O {) @l>_
] | i |

0 0.2 04 0.6 0.8

a
E704 (1991), Fermilab
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Spin and QCD

Asymmetry survives with energy

0.15

0.1

0.05

Vs =62 GeV

PHENIX Preliminary

20% polarization uncertainty on A scale
10% enargy calibration uncertainty on x, scale

§§

——
PH- ENIX

|

}

p;)= 056067 0.84 098

———
——

HilH

i+

-0.05 e

&
o
&
.
!5;_
%]
(=}
(=]
[ %]

A

.15

0.125

0.1F

0.075}

2,05

0.025 L

—0.025

~0.05 bl

pt+p—> '+ at vs=200 Gev

E_ is\{_AR PRELIMINARY

- 2.5<n<4 ¥

- ¢

C ii

2 "

- ---?----i-i-!-!li --------------- S
| Loy 0| RN B B

—0.6 —04 -0.2 0O 0.2 0.4 0.6
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Spin and QCD

Asymmetry survives with energy

~ 0.15

=

:%.: HERMES ¢

c | COMPASS

= '5 0.1 Y
<L

N

HERMES and COMPASS
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Failure of QCD?
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Not at all: better understanding of QCD
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Not at all: better understanding of QCD

T -
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History of understanding
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QCD factorization

= Factorization of short-distance and long-
distance physics

measure - learn about !
\ P
£, b

fb X’

compute as a power
series ina. in pQCD

O-(Pha S) X fa(ajaa ,uz) & fb(xby ,UJ2) 0 a-ab—m 0 Dh/c(Zm ,LL2)

Universal Universal calculable Universal

.gefferé)on Lab



Success of QCD factorization

= Universality of PDFs: mapped in one
process (say DIS), used in other process

H1 and ZEUS

7L
] E +
G [ e x = 000005, i=21 e HERAINCe'p
o AETLIS x = 0.00008, i=20 00 Fixed Target
AR x = 0.00013, i=19
) E e *z";:“ x = 0.00020, =18 === HERAPDF1.0
O b ee* T ee  x-0000R -1
Lce "::.4-"“’ x = 0.0005, i=16
S OO ooy el
- - oo x=10 L i=
104 .,.—.'W x = 0.0020, i=13
P ey x=0.0032,i=12
E L] sng-e e
C e o eeesseses  x=0005 =11
10 3 == .""4‘" oa-tnt-ooses e x = 0.008, i=10

— eooensosteesess x=0013i=9
- '_'_._‘-'-.

102 D oseeessseesesssesetene  x= 003
E oengEE—* o8- goeosss st entelg o x =0.05,i=6

10 = OEEE—EE— 888848880 00est e o -(.08i=5
g CEOSETHNEIEA ——eseveoetort e, (3

Z — ST TRy x=025022
10_1_E TN onia

) -2; M x=0.65.i=0
L Ll L Lo Lt L L Lo Lt L L1 L 11
2 4

Q% GeV?
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Success of QCD factorization

= Universality of PDFs: mapped in one
process (say DIS), used i.n. Io’lchlelrlplrp;gss”

8 T LR B =
H1 and ZEUS b =
. @)
< T E HERA INC e* o g E
< r x = 0.00005, i=21 e -ep — p+p = jet + X 3
O 1L e x = 0.00008, =20 0O  Fixed Target B 10° L =
ER Y o T —  HERAPDFLO g1 b
8! - .»""'"“ x = 0.00032, i=17 & midpoint-cone =
Z 100 Lee"Te, x = 0.0005, i=16 e s ¥ _=
t = E o * ._"4""". ~ . =10 Leone=0.4 g
|e]} F par s M x = 0.0008, i=15 e [] 5 [] 8 3
o 5 25 ;
.H" MMHH x=0.0032,i=12 E1n §
C e o eeesseses  x=0005 =11 o =
103 .- '-*‘"““.,_..Hmm x = 0.008, i=10 T 4 -
E .——**""’"M x=0.013,i=9 & 10 g
L . -ﬂ""’w x=0.02,i=8 - -
10 .--#M x = 0.032,i=7 102 =
E HEnOEE——eeseeeste st estes g o x=0.05,i=6 —8— Combined MB =
0 L LOtER—fE—% eS8 eseseeeses s o o x= 0.08.i=5 10 _:
E CEOEDHIEEEA ——eyetvostont ooy ,_(i3id = —e— Combined HT =
R TR 018,03 — =
1 E soese TNy x-02si2 1E- —— NLO QCD (Vogelsang) =
- Ty ye-a ey s e - E
lﬂ -I_E 'N x=0'40’i=1 : i ! | | | | ! | | | | ! | L | | ! 1 L i 1 ! i |:
E >1.8E Systematic Uncertainty (b)—%
0L i x = 0,65, i20 EVI Theory Scale Uncertainty =
E £ "E BN e —=
c < 1.0E = s — = E
10-3 I| L L1 \IIIIl L L1 III||| L L1 |||||| | | |||||‘ | L1 |||||| - e 06§: iym.ﬂt_.#"WI.u'm!mm llllllllllllllllllllllll :%
1 10 10° 10° 10 10° 4 0'2 = —=
2 2 LE =
/ GeV = - . . . =

Q 0 10 20 30 40 50

p, [GeV/c]
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Success of QCD factorization

: -
G;Nc(X,Q ) x 2'
=

10

2
10 &

H1 and ZEUS

-
o"._.'mwl
.::::::::t'
L]

10° L

o
r.—f

ol M

104
E P e
. sng-e e

103E
1021

10 &

.
x = 0.00005, i=21 L HERA INCe'p
x = 0.00008, i=20 O  Fixed Target

x = 0.00013, i=19
x = 0.00020, i=18 = HERAPDF1.0
x = 0.00032, i=17
x = 0.0005, i=16

x = 0.0008, i=15

""M.m x=0.0013, i=14
oeseotrt x = 00020, i=13
x = 0.0032, =12
x = 0.005, i=11
x = 0.008, i=10

ﬂ__"_’_....._‘—.—.—.—”—“—.".ﬂ x=0.032,i=7

| ajaln) .

g e _aeegpettsateniel g & x = 0.05, i=6
OEfEn —EE—8——— 8 85888 80 00Nt o . x = 0.08,i=5

x=013,i=4

mw <= 0.18.i3
——o S TRy x=025,i2
R SR
M = 005, 1=0
||||| 1 \\|||||| 1 |||||||| 1 \\lllll‘ 1 Illlllll,
10 107 10° 10 10°
2 2
Q°/ GeV

= Universality of PDFs: mapped in one
process (say DIS), used in other process

LT T

- —— —_—

—— CDF data (1.13 fb™)

|| Systematic uncertainty
- NLO pQCD

i Midpoint: R=0.7, f =0.75

merge

_——

ly|<0.1 (x10°%)

- 3
- —— 0.1<|y|<0.7 (x10%)
= —

0.7<|y|<1.1

s 3
== 1.1<|y|<1.6 (x107)

1.6<|y|<2.1 (x10°)
| I | |

II|IIII 11 | | I T | - L1 1
100 200 300 400 500 600

|
700
p)-" (GeVic)
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G:,NC (X,Qz) X Zi

107%

10° L

Success of QCD factorization

= Universality of PDFs: mapped in one

process (say DIS), used in other process

H1 and ZEUS

10%%

e x = 0.00005, i=21 e HERAINCe'p
-t x = 0.00008, i=20 O  Fixed Target

_,:;'m e a0 1 == HERAPDF1.0

x = 0.00032, i=17
. .-::‘*::::,. x = 0.0005, i=16
oo pesesee®  x= 00008 =15
o esote  x=00013,i-14
,rrw x = 0.0020, i=13
ettt eeeeeeoee  x=00032i<12
P

- g eoes eSO eee—  X= 0.005, i=11
_.m““

o— . o ssossss x=0.008 i=10
«—° s s cenvsesestese X= 0.013,i=9
- - - x = 0.02,i=8

x=0.032,i=7
x =0.05,i=6

x =0.08,i=5
x=013,i=4

mw <= 0.18.i3
——o S TRy x=025,i2
R SR
M = 005, 1=0
||||| 1 \\|||||| 1 |||||||| 1 \\lllll‘ 1 Illlllll,
10 107 10° 10 10°
2 2
Q°/ GeV

CMS L =34 pb’ \'s =7 TeV

— 1 I 1 ] I LI I 1 I 1 T I LI I
%10“ « |y|<0.5 (x3125)
(91010 o} O.SSIY|<1 (><525
B 109 [ | 1S|y|<1.5 {X125)
2. o 1.5<|y|<2 (x25)
> 10 . 2<|y|<2.5 (x5)
-Z"lgﬁ s 2.5<|y|<3
2 10°
@
% 107

10°

10°F _ NLosNP
10 (PDF4LHC) \
15 [ Exp. uncertainty

Anti-k_ R=0.5 \
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1000
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The birth of TMDs (as phenomenological quantities): 1990

_ D. Sivers, PRD 41 (1990) 83 -
Ga/pli: ) — Gosplx, Kr: i)

The relevance of the transverse momentum for the asymmetry can be seen from
the venerable Chou-Yang! model of the constituent structure of a transversely
polarized proton. If we assume a correlation between the spin of the proton and
the orbital motion of its constituents, Chou and Yang showed the existence of a
nontrivial Ax in elastic scattering. The coherent dynamics which correlates the
spin of the proton with the orbital angular momentum of the quarks and gluons
can also produce a constituent-level asymmetry in transverse momentum:

ANGap(ry (@ ki p®) = Y [Gagyper) (@ k15 1) = Gagny/p1) (@, ks 1)
h

=2 [Gatny/miny @ ks 47) = Gany o) (@ —kers 1)
h

I T.T. Chou and C. N. Yang. Nucl. Phys. B107, 1 (1976)
Anselmino, Transversity 2014

.Jeffer;’on Lab



1990

d? dz.
- AN Edﬂ—;(ppT —a-mX}] ~ E /d%; dmafdgk% dmb/dﬂkTg ANG,  (Za, k3 4%) m

2
T
ab—cd c

. do T
X bep{mb'x k%":ﬁ‘z) Dmfc{mc:h}[:" : Hz) X S8 E({Eb — ﬂd} 5(3 + &+ u}

. this equation corresponds to a probabilistic formula in the original
spirit of the parton model where the unknown soft nonperturbative

dynamics have been absorbed into the specification of the density ANG ..

\Y

k, Sivers
function

Anselmino, Transversity 2014
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1995
early Aw phenomenology with Sivers function

(M.A., M. Boglione and F. Murgia, PL B 362 (1995) 164)

E_doP'pomX 1 1
il ~ = &’k | dz, dxy —
o » > / LadTa dzy —

m ab,c,d Ag ALidg A ALA

a/p! A, AL
P3P0, Fagot (Tas K 1a) Foro(28) Mg na, M3, Axn, Drdec(2)

Anselmino, Transversity 2014
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1993

Asymmetry comes from Asymmetry comes from
modulation of the initial modulation in final state
distribution function (D.Sivers 1990) fragmentation (J.Collins 1993)
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1993

Asymmetry comes from Asymmetry comes from
modulation of the initial modulation in final state
distribution function (D.Sivers 1990) fragmentation (J.Collins 1993)

b\

Sivers effect forbidden by
time reversal invariance

(Collins 193)

Sivers suggested that the K, distribution of the quark could have an azimuthal

asymmetry when the imtial hadron has transverse polarization. However,
such an asymmetry 1s prohibited because QCD i1s time-reversal invarant....

.Jeffergon Lab



| | | 1993
Collins fragmentation function

Nucl. Phys. B396 (1993) 161

It 1s shown that the azimuthal dependence of the distribution of hadrons in
a quark jet 1s a probe of the transverse spin of the quark imitiating the jet.
This results in a new spin-dependent fragmentation function that acts at the
twist-2 level.

q // A ¢ Collins
function

X

Dhyg,s,(2,P1) = Dhye(z,p1) +

thq(z:pL) +

Anselmino, Transversity 2014
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Phenomenology never stopped...

Prediction od AN with Sivers effect

p+p > +X at vs=200 GeV

0.15H Spin 1 -
Spin { ,
| Left g Right ] T o s (HERMES fit)
0.1 _ { __ twist—23
0 025 0 025
A" | ¥ mass (GeV/c?) ,,E
0051 (p5237 /[ <n>=3.3
0 -%'in“f ———————————————————— I 3 VPRV SS—
. r | Y il é.._ —
' T T T T | ] | ] P |
-0.5 0 0.5 -0.5 0 0.5
Xe
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2002

s— gauge links have physical consequences; —
quark models for non vanishing Sivers function,

SIDIS final state interactions

ANNNNL ’ 0| ANNNNS g

— - = - - —— = L = - -
+ diquark — diquark

Brodsky, Hwang, Schmidt, PL B530 (2002) 99 - Collins, PL B536 (2002) 43

An earlier proof that the Sivers asymmetry vanishes because of time-reversal
invariance 1s invalidated by the path-ordered exponential of the gluon field in the
operator definition of parton densities. Instead, the time-reversal argument shows that
the Sivers asymmetry 1s reversed in sign in hadron-induced hard processes (e.g.,
Drell-Yan), thereby wviolating naive universality of parton densities. Previous
phenomenology with time-reversal-odd parton densities is therefore validated.

1 1
[ ET]SIDIS — _[ ; ]

.Jefferfon Lab



Another way to explain the
asymmetry
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Twist-3

Qiu, Sterman (1991)

>
:
PENE + %jt
O'(QJ';)OC %Nl/&

Multi parton correlations contribute to the cross section.

These correlations are called
Efremov-Teryaev-Qiu-Sterman matrix elements,

They appear at twist-3 level in cross section.
Qs
O — O'LT + aO'HT + ...

=HLT®fz®fz+%HHT®f3®f2+...

4effergon Lab




Twist-3

If only one large scale is present in the process, then

Ay o o(pr,S1)—olpr,—51)
x TW(z,2,8)Q6r®D(z)+dq(z,S1)Q6p @ DP(z,2) + ...
Leading power cancels

Twist-3 parton correlation functions

o) M
T(?)) (r r ;SY_L) O( / * .
'y Ly % Qiu-Sterman 1991

Twist-3 parton fragmentation functions

. 5 Kang, Yuan, Zhou 2010
D@ (z 2)

No probability interpretation!

4effergon Lab



1995-2000s

TMD formalism:

Sivers, Collins effects, other functions

Twist-3 functions:

Qiu-Sterman matrix elements

Are these two formalisms “competing” with each other?
Are there relations between these functions?

.Jeffer;’on Lab



Other eerriments, other processes:
IE Y
;

N

—1s \q l
Pl AN
Drell-Yan

hard scattering

+
Partonic Fragmentation

Partonic Distributions

p, ,
.gefferson Lab



Modern view on hadron structure
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I: relation of TMD and Twist-3
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TMD

Two observed scales

Q1 ~ Agcp sensitive to
parton's
transverse motion

(Q2,... > Agcp ensures pQCD

f(ﬂi’, kJ_a QZ)

TMD distributions

& A
v@" AN

Collinear

One observed momentum scale

Q1,Q2,... > Agep

f(z; Q%)

Collinear distributions

39 .Jeffergon Lab



TMD

TMD distributions
2
f(ll’), kJ_a Q )

Evolution CSS

Collins Soper Sterman 1985
Ji Ma Yuan 2004
Collins 2011

& A
v@" AN

Collinear

Collinear distributions

f(x; Q%)

Evolution DGLAP

40 .Jeffergon Lab



TMD

TMD distributions
2
f(ll’), kJ_a Q )

Evolution CSS

Collins Soper Sterman 1985
Ji Ma Yuan 2004
Collins 2011

N2 is an ingredient with
f(a:, Q ) corresponding DGLAP

& A
v@" AN

Collinear

Collinear distributions

f(x; Q%)

Evolution DGLAP

41 .Jeffergon Lab



TMD

TMD distributions
2
f(ma kJ_a Q )

Phenomenology:

A lot of different functions

Mainly LO (tree level) for spin
dependent

Very advanced in unpolarised case

— 2350
%103L 1800 |
g ; 1350 |
2 i
%"102_ s 10 15 20
B
5
10 F
| T | o | L L | o | PR

6 10 20 30 40 50 60 70 80
Q, (GeV)
Brock, Landry, Nadolsky, Yuan 2003
Qiu, Zhang 2001

& A
@’ AN

Collinear

Collinear distributions

2
f(z;Q%)
Phenomenology:
NLO, NNLO ...

3 I
1F 3 J'ED 1
10 g d'c 2. 3
: E—= [mb/GeV"] 1
10 F dp 4
af
10 .
0k } PHENIX data -
10 -5 ;_ (preliminary) E
&E
10 e E
TE R
10 f —— THISFIT ~ E
8f ---- KRE
0 e AKK E
10 _g;_ scale uncertainty =
g ]
0.5 (data - theory)/theory -
0 ++++#+l . ]
e JALITTTT TN B A B
05" -
E 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 s
0 5 10

oy [Gev™
De Florian, Sassot, Stratmann 2007
(DSS)
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TMD Collinear

TMD distributions Collinear distributions
2
. ) 2
flz, ks Q%) flz; Q)

Phenomenology: Beyond leading twist:

A lot of different functions Twist-3 matrix elements
Efremov Teryaev (1982), Qiu, Sterman
(1991)

do A
d Pr
-
Pr << Q Pr

Mulders, Tangerman 1995
Boer, Mulders 1998

4effergon Lab



TMD Collinear

TMD distributions Collinear distributions
2
. ) 2
fa, kL;Q7) f(z; Q)

Phenomenology: Beyond leading twist:

A lot of different functions Twist-3 matrix elements
Efremov Teryaev (1982), Qiu, Sterman
(1991)

do A
d Pr

Pr ~@Q Pr

4effergon Lab



TMD Collinear

TMD distributions Collinear distributions
2
. ) 2
fa, kL;Q7) f(z; Q)
Phenomenology: Beyond leading twist:
A lot of different functions Twist-3 matrix elements
Efremov Teryaev (1982), Qiu, Sterman
(1991)
do A
d Pr
-
Pr

Intermediate region, both formalisms are applicable and related
Ji, Qiu, Vogelsang, Yuan (2006) etc

4effergon Lab



ll: Generalization of TMD formalism
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Unified View of Nucleon Structure
ngner function 5 D

Transverse 35' ki, I'J_) Generalized

Momentum Parton

Dependent 5 Distributions
2

distributions d°ry /d ki

3D

Parton
/deL Distribution Form /da}
Functions Factors
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Unified View of Nucleon Structure

TMD Wigner function

Wix,ky,r,) ﬁ
’

Particular processes to study. Polarization is required!

©
&
- T

o
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Ji (1997)
Radyushkin (1997)

2 . . . .
@~ ensures hard scale, pointlike interaction

A = P/ — P momentum transfer can be varied

independently

Connection to 3D structure

Burkardt (2000)
Burkardt (2003)

d’A R -
plz, 7)) = / le_ZAi'”Hq(ac,g =0,t =—-A?%)

(2m)?

Drell-Yan frame AT =0

Weiss (2009)

Kotzinian (1995),
Mulders,

Tangerman (1995),
Boer, Mulders (1998)

_/
2 . . . .
Q@ ensures hard scale, pointlike interaction
Prr final hadron transverse momentum

can be varied independently

Ji, Ma, Yuan (2004)
Collins (2011)

FlaBr) = / Phie PR (0 R )

Connection to 3D structure

AP (2012)

uuuuuuuuuuuu
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